We have used a replication-competent shuttle vector based on the genome of Rous sarcoma virus to characterize genomic rearrangements that occur during retrovirus replication. The strategy involved cloning circular DNA that was generated during an acute infection. While analyzing a class of retroviral DNA clones that are greater than full length, we found several clones which had acquired nonviral inserts in positions adjacent to the long terminal repeats (LTRs). There appear to be two distinct mechanisms leading to the incorporation of cellular sequences into these clones. Three of the molecules contain a cell-derived insert at the circle junction site between two LTR units. Two of these molecules appear to be the results of abortive integration attempts, because of which, in each case, one of the LTRs is missing 2 bases at its junction with the cell-derived insert. In the third clone, pNO220, the cellular sequences are flanked by an inappropriately placed copy of the tRNA primer-binding site on one side and a partial copy of the U3 sequence as part of the LTR on the other side. A fourth molecule we characterized, pMD96, has a single LTR with a US-bounded deletion of viral sequences spanning gag and pol, with cell-derived sequences inserted at the site of the deletion; its origin may be related mechanistically to pNO220. Sequence analysis indicates that all of the cellular inserts were derived from the cell line used for the acute infection rather than from sequences carried into the cell as part of the virus particle. Northern (RNA) analysis of cellular RNA demonstrated that the cell-derived sequences of two clones, pNO220 and pMD96, were expressed as polyadenylated RNA in uninfected cells. One mechanism for the joining of viral and cellular sequences suggested by the structures of pNO220 and pMD96 is recombination occurring during viral DNA synthesis, with cellular RNA serving as the template for the acquisition of cellular sequences.
derived from the cell line used for the acute infection rather than from sequences carried into the cell as part of the virus particle. Northern (RNA) analysis of cellular RNA demonstrated that the cell-derived sequences of two clones, pNO220 and pMD96, were expressed as polyadenylated RNA in uninfected cells. One mechanism for the joining of viral and cellular sequences suggested by the structures of pNO220 and pMD96 is recombination occurring during viral DNA synthesis, with cellular RNA serving as the template for the acquisition of cellular sequences.
The genetic instability of the retroviral genome is the result of processes which contribute to high error rates, frequent homologous recombination, numerous rearrangements, and the ability to recombine with host sequences. Insights into the process of illegitimate recombination between viral and cellular sequences can be inferred from the structures of the recombination products, a subset of which are represented by products of the transduction of cellular oncogenes in the form of acutely transforming retroviruses. For avian retroviruses, the presence of cellular intron sequences in the v-src (53, 54) , v-myb (26) , and v-erbB (43) oncogenes suggests that one of the recombination events in the transduction of these sequences took place at the DNA level. Experimental systems in which the left half of viral DNA is first fused to a heterologous sequence to mimic a DNA recombination event and then rescued by infection to create a molecule with viral sequences both upstream and now downstream of the heterologous sequence have been developed (13, 14, 16, 17, 48) . In this model system, the second recombination event is thought to occur at the RNA level. The presence of a poly(A) tract in the genomes of certain v-fis-and v-erbB-containing viruses implies that a poly(A)-containing RNA participated in the recombination event generating the 3' ends of these transduced sequences (20, 43) .
Other models of illegitimate recombination involve RNA in generating the upstream junction between viral and cellu-* Corresponding author. lar sequences. These models are based on (i) transcriptional readthrough to give a greater-than-full-length RNA transcript (19, 49, 50) and (ii) readthrough with splicing to generate a smaller chimeric transcript (22, 34, 36, 44, 47) . The final events in recombination are then envisioned as taking place during the next round of viral DNA synthesis.
One last model involves the copackaging of cellular RNA into the virion, thus making it accessible as an inappropriate template during viral DNA synthesis. In the avian sarcomaleukosis virus system, a packaging mutant (SE21Q1b) which is deficient for viral RNA packaging but capable of packaging cellular RNAs has been identified (11, 32, 45) , and these RNAs can serve as templates during reverse transcription (5, 30, 31, 55) . Another mutant of the avian sarcoma-leukosis virus group, TK15, is less well characterized but appears to have similar properties (24, 27, 37, 38) . Under certain circumstances, a specific cellular RNA is included in virions in the absence of any known viral defect (1, 23) . All of these observations indicate that the packaging process has the potential to include cellular RNA in the virion, possibly juxtaposing this RNA with viral RNA and the viral DNA polymerase, reverse transcriptase. Strand jumping (6, 12) to the copackaged RNA during viral DNA synthesis could result in a recombinant viral DNA with a cellular insert, as has been seen with the TK15 mutant (38) . While it is possible that more than one of these mechanisms contributed to the known recombinants, all of these models make a very specific prediction about the source of the cell-derived sequence: i.e., it must first be incorporated within the virion 5736 DUNN ET AL.
either as a separate RNA or as a chimeric RNA recombination intermediate.
We have taken another approach to identifying mechanisms at work in generating recombinants between retroviral sequences and cellular sequences. We have used a retrovirus shuttle vector in which we clone circular unintegrated DNA to examine genetic instability associated with virus replication (39, 40) . These circular DNA molecules are not competent to participate in integration and thus are dead-end by-products of DNA synthesis (4). However, they provide a convenient source of viral DNA that can be analyzed for patterns of genetic instability which may also be reflected in linear DNA, the precursor to both circular and integrated DNAs (46) . There are many types of aberrant products seen in circular viral DNA, including molecules that are greater than full length, molecules with internal deletions, and molecules with deletions in which one boundary of the deletion is near the edge of a long terminal repeat (LTR). The greater-than-full-length class includes dimers and trimers that are likely the result of homologous recombination (18, 29) . We have discovered other members of this class of molecules whose larger DNAs can be attributed to internal duplications and to the presence of linked cellular sequences. In this report, we describe the structures of several molecules with cellular inserts adjacent to the viral LTRs.
MATERIALS AND METHODS
Cell lines. Fertilized chicken eggs (C/O) were obtained from the Regional Poultry Research Laboratory, East Lansing, Mich. Chicken embryo fibroblasts (CEF) and QT6 cells, a continuous Japanese quail cell line (35) , were maintained as previously described (40) .
Plasmids and bacteria. pANV-A has been described previously (39) . It was derived from the Schmidt-Ruppin A strain of Rous sarcoma virus (7) and modified by introducing a ClaI site in place of the v-src gene (21) . Plasmids pNO220, pMD1, pMD37, pMD66, and pMD96 were obtained from the previously described collection of unintegrated avian neo virus subgroup A (ANV-A) circular DNA clones rescued in the DH5(x strain of Escherichia coli (39) .
Analysis of DNA. Chromosomal DNA was isolated from chicken and quail cells by the method of Dillela and Woo (10) (40) . Nucleotide sequence analysis was performed by using the dideoxy chain termination method (Sequenase protocol; U.S. Biochemical Corp., Cleveland, Ohio).
Amplification and cloning of cell-derived sequences related to the inserted sequences in pNO220, pMD37, pMD66, and pMD96. CEF genomic DNA (2 ,ug), QT6 genomic DNA (2 jig), and plasmid DNA (60 pg) were subjected to polymerase chain reaction (PCR) amplification in 100-,ul reaction mixtures containing 10 mM Tris-HCl (pH 8.3); 50 mM KCl; 1.5 mM MgC12; 0.2 mM each dATP, dGTP, dCTP, and dTTP; 10 ,uM each oligonucleotide primer; and 2.5 U of Taq DNA polymerase (Perkin-Elmer Cetus, Norwalk, Conn.). The primers used were 220L (5'-GCTAGTCTAGAAGAAGTAT TGCTTGGTTGCA-3') and 220R (5'-CGATGGAGCTCCT GTTATTTGACAGCACTGC-3') for pNO220, 37L (5'-GC TCTAGAGTCGACCTTCCAGTGTCTGTGTGACA-3') and 37R (5'-CGTCTAGAGTCGACGAATGAGTATCAGAGC CTTG-3') for pMD37, 66L (5'-CGTCTAGAGTCGACGGA TAGAGTATAGCATGAGG-3') and 66R (5'-GCTCTAGA GTCGACGCTCCTGAGCCACTGCAGAT-3') for pMD66, and 96L (5'-GCTCTAGAGTCGACCATGATGCTAAGGT GATA-3') and 96R (5'-GCTCTAGAGTCGACTAAGTGGT TAATAGTACT-3') for pMD96. The reactions were subjected to 30 cycles of 30 s at 95°C and 30 s at 60°C. The PCR products were purified by gel electrophoresis (NuSieve GTG; FMC), and impurities were removed by using an NaI-glass bead procedure (GeneClean II kit; Bio 101, Inc., La Jolla, Calif.). PCR products were then cloned into the pIBI31 plasmid vector (International Biotechnologies Inc., New Haven, Conn.) and subjected to DNA sequence analysis.
Sequence organization and comparison was done by using the GCG Sequence Analysis package (9) . Data base similarity searches were conducted by using the BLAST program (2) .
Analysis of RNA. Polyadenylated cellular RNA was isolated by the method of Gonda et al. (15) , fractionated by electrophoresis in agarose containing formaldehyde, and transferred to nitrocellulose as described elsewhere (33) . Strand-specific DNA probes were generated by PCR by using one primer from the inserted cell sequence. Gelpurified PCR-amplified DNA fragments (500 ng) were amplified in 100-,ul reaction mixtures containing 10 mM Tris-HCl (pH 9.0); 50 mM KCl; 0.1% Triton X-100; 1.5 mM MgCl2; 4 ,uM each dATP, dGTP, and dTTP; 0.16 ,uM dCTP; 10 Amplification of cellular DNA flanking sequences related to the insert sequences in pNO220 (inverse PCR). EcoRI-digested QT6 cellular DNA was self-ligated (circularized) in a 50-pl reaction mixture containing 50 mM Tris-HCl (pH 7.6), 10 mM MgCl2, 1 mM dithiothreitol, 5% (wt/vol) polyethylene glycol-8000, 0.6 p,g of DNA, and 2 U of T4 DNA ligase (Life Technologies) for 16 h at room temperature. The ligase was then inactivated by heating at 68°C for 30 min, and the DNA was concentrated by ethanol precipitation. The self-ligated DNA product (0.2 ,ug) was then subjected to PCR amplification as described above by using primer A (5'-CGATC GAATTCGCCAGGGAAGTr-CTACA-3') and primer B (5'-AGATCGAATITCTCATGTTGTTGCTCTGCA-3'). The amplification reaction consisted of 30 cycles of 95°C for 30 s, 55°C for 30 s, and 72°C for 60 s. The product of the PCR reaction (1.2 kbp) was cleaved with EcoRI and gel purified. The purified products were cloned and subjected to nucleotide sequence analysis as described above.
Nucleotide sequence accession numbers. The GenBank accession numbers for pMD37, pMD66, pMD96, and pNO220 are M97290, M97291, M97292, and M97293, respectively. 
RESULTS
Analysis of greater-than-full-length genomes. We previously isolated a large number of clones of circular retroviral DNA by using a shuttle vector strategy for rapid cloning in bacteria (39) . The shuttle vector is a replication-competent retrovirus genome derived from a DNA clone of the Schmidt-Ruppin A strain of Rous sarcoma virus (7) with the Neor gene and a bacterial plasmid origin of replication in place of the v-src gene (21, 39) . A virus stock of this vector, referred to as pANV-A, grown in CEF cells was used to infect the continuous quail cell line QT6. Unintegrated circular viral DNA was isolated at 24 h postinfection and introduced into bacteria, which were then selected for kanamycin resistance. The plasmid DNA present in each resistant bacterial clone was mapped with several restriction enzymes and cataloged on the basis of various features of its structure relative to that of the parental viral genome (39) . Approximately 95% of the circular viral DNAs isolated were either the same size as or smaller than the parental genome, while the remaining 5% were larger than the parental genome (39) . A number of these greater-than-full-length clones contained duplications of viral sequences (data not shown).
Analysis of one greater-than-full-length clone, pNO220, revealed two alterations in the genome structure, both of which contributed to the increased size (Fig. 1 pNO220, pMD37, and pMD66 contain inserts between two altered LTRs. Further mapping of pNO220 indicated that the molecule had two LTR sequences in their normal positions with respect to the flanking viral sequences. However, the distance between the two LTRs was greater than would be expected for LTRs that were in tandem at the circle junction site (Fig. 1) . In pNO220, the fragment spanning the circle junction region of the two LTRs (generated with EcoRI, which cleaves within the LTR) was approximately 600 bp long rather than the 330-bp fragment that is generated from tandem LTRs (52) . This EcoRI fragment was subcloned and sequenced through the boundaries of the LTRs by using oligonucleotide primers which anneal within the LTR for each of the two LTR sequences.
In pNO220, the outer boundary of each LTR was altered relative to the sequence arrangement seen in the circle junction consisting of tandem LTRs. The LTR derived from the right end of the linear viral DNA (ending in U5) had an extra copy of the primer-binding sequence ( identity to the entire insert given in parentheses. The chicken DNA fragment amplified by using the pMD96 primers shows poor alignment to the plasmid insert sequence over its entire length, while no major chicken DNA fragmnent was amplified by using the pMD37 primers.
LTR and internal to the genome. This extra copy contained the entire PBS except for the 3' terminal nucleotide (Fig. 2) . Sequence analysis showed that the region of pNO220 which should contain the normal PBS was intact (data not shown). The LTR derived from the left end of the linear viral DNA carried a 7-bp deletion at the outer U3 boundary. Between both of these aberrant LTRs was an insert of 268 bp. Computer searches of the inserted sequence showed no significant sequence similarity to any region of the viral genome nor to any sequence deposited in the GenBank data base.
Restriction enzyme mapping using EcoRI showed that pMD37 and pMD66 also generated restriction fragments spanning the circle junction site that were larger than expected for two tandem LTRs (Fig. 1) . Subcloning of the EcoRI fragments and sequence analysis through both LTR boundaries showed that each molecule contained altered LTRs along with a nonviral insert between the LTRs. The outer U3 boundary in the left-end LTR of pMD37 had a 16-bp deletion, while the outer U5 boundary in the right-end LTR had 2 bp deleted (Fig. 2) . The insert between these alterations was 813 bp. In pMD66, the LTR derived from the left end of the linear viral DNA had 2 bp deleted at the outer U3 boundary, while the LTR derived from the right-end LTR carried a 22-bp deletion at the outer US boundary (Fig.  2) . The nonviral insert in this molecule was determined to be 657 bp. A computer search revealed no similarity between any of these insert sequences and any region of the viral genome or any sequence deposited in the GenBank data base. The absence of the terminal 2 bp from one of the LTRs of pMD66 and pMD37 suggests that these DNAs may have formed as the result of an abortive integration event (see Discussion).
pMD96 contains a U5-associated deletion and insertion. A separate screen of clones involving hybridization to cellular DNA showed that pMD96 contained a cell-derived insert. Subsequent restriction enzyme mapping revealed that this clone had only one LTR and a deletion extending from the (Fig. 1) . Sequence analysis through the LTR boundary with an oligonucleotide primer that anneals within the U5 region revealed nonviral sequences adjacent to the LTR at the U5 boundary. There are also 2 bp deleted from the U5 boundary (Fig. 2) Cell-derived sequences from pNO220 and pMD96 are expressed as RNA. Recombination between host and viral sequences could occur by using either host DNA or host RNA. To determine if host RNA could have participated in the recombination event, we asked if the sequences in the cell-derived insert present in each of the molecules were expressed as RNA in uninfected cells. In this experiment, we made use of strand-specific probes which would allow us to determine the polarity of the insert relative to the viral genome.
When probes generated by the pNO220 insert were used, the probe to one strand of the insert hybridized to multiple RNA species in a quail poly(A)+ RNA preparation (Fig. 3,  lane 1) . These RNAs ranged in size from 2.0 to 8.5 kb. The other strand-specific probe did not hybridize to RNA at detectable levels (Fig. 3, lane 2) . Furthermore, the polarity of the probe that hybridized indicated that the plus strand of viral DNA was linked to the minus or cDNA strand of the cell-derived sequence.
One strand-specific probe generated by the pMD96 insert also hybridized to quail poly(A)+ RNA (Fig. 3, lane 4) . The hybridization was to multiple RNA species ranging in size from 4.0 to 9.5 kb. Hybridization was not detected with the probe generated by the other strand (Fig. 3, lane 3) . In this case, the polarity of the probe that hybridized indicated that the minus strand of viral DNA was linked to the minus or cDNA strand of the cell-derived sequence.
Strand-specific probes were also generated for pMD37 (Fig. 3, lanes 5 and 6) and pMD66 (Fig. 3, lanes 7 and 8) and subjected to Northern (RNA) analysis with quail poly(A)+ RNA. No hybridization with any of these probes was detected.
Inserts in pNO220, pMD66, and pMD96 are derived from single-copy genes. To determine whether the cellular inserts were present as a single copy or multicopies, we hybridized single-stranded DNA probes generated from each of the inserts to QT6 DNA and CEF DNA, each singly digested with three different restriction enzymes (data not shown). Probes derived from pNO220, pMD66, and pMD96 cellular .   FIG. 4 . Analysis of QT6 cell DNA adjacent to sequences related to the insert sequences in pNO220. Flanking-cell DNA sequences related to the insert sequences in pNO220 were amplified by using inverse PCR, cloned into a pIBI31 vector, and subjected to sequence analysis. Underlined sequences are shared at the recombination sites.
sequences each showed a single band (the bands were of different sizes) in QT6 DNA digested with BamHI, EcoRI, or XbaI and in CEF DNA digested with the same enzymes. The pMD37 probe hybridized to a number of fragments in all lanes of digested QT6 DNA and CEF DNA. Thus, for three of the inserts, we can identify with confidence the source of the sequence linked to viral DNA. The final example appears to be associated with a DNA sequence that is repeated within the avian genome.
Sites of recombination in the pNO220 insert show little homology. To determine whether sequence homology played a role in the recombination events that generated pNO220, the normal cellular sequence was determined and compared with viral sequences at the sites of joining (PBS and U3 boundary). Primers from within the cell-derived insert were designed to point outward from the insert, and these primers were used in an inverse-PCR strategy to clone the flanking sequence in cellular DNA. The amplified fragment was cloned and subjected to DNA sequence analysis at the sites of recombination with viral sequences (Fig. 4) . At one end of the insert (near the PBS), there were 4 bp of homology between the quail sequence and the 3' end of the PBS at the site of recombination (GTGA). At the other end of the insert, the sequences had only a single nucleotide (T) in common at the site of recombination between the cellular sequence and the U3 region. These results suggest that extended homology was not utilized in the recombination event.
DISCUSSION DNA, or incorporation of cellular sequences during viral DNA synthesis. In the case of pNO220, the fact that the cell-derived insert is adjacent to a nearly complete and extra copy of the PBS suggests that the insert arose from an aberrant jump during reverse transcription. A likely point for this event is after completion of synthesis of plus-strand strong-stop DNA. The structure of plus-strand strong-stop DNA includes a PBS at its 3' end which has been shown to be a stable intermediate during reverse transcription (12, 28, 42, 51, 56) . Normally, the plus-strand strong-stop DNA is elongated by using minus-strand DNA as template after a jump to the 3' end of the nearly full-length minus-strand DNA (12) . The precise linkage between the PBS and the cellular sequence in pNO220 can be explained by an inappropriate jump of plus-strand strong-stop DNA to a cellular A. We have previously observed that approximately 5% of the cloned unintegrated circular DNAs derived from an acute infection of QT6 cells with the ANV-A retrovirus shuttle vector were greater than full length (39) . A portion of this population consisted of oligomeric viral DNA and viral DNA containing other types of duplications (data not shown), similar to molecules that have been described previously (18, 29) . In addition, we reasoned that this population might also contain molecules that had recombined with cellular sequences. While the frequency of this event has not been measured, examples of circular viral DNAs from this class with linked cellular sequences were found in the molecules pNO220, pMD37, and pMD66. In addition, we characterized one smaller molecule with a cell-derived insert, pMD96.
Origins of pNO220 and pMD96 may have involved illegitimate recombination involving cellular RNA. The occurrence of a cell-derived insert between LTRs in viral DNA could be the result of imprecise excision of integrated DNA (25, 57) (Fig. 5A) . The observations that the insert is expressed as RNA in QT6 cells and is linked to the viral plus strand in a cDNA sense are consistent with cellular RNA as the target for the jump. In the case of pMD96, the cell-derived insert occurred in conjunction with a deletion ofgag, pol, and a portion of env. Hybridization to QT6 cell RNA revealed that the insert sequence in pMD96 is joined to the viral DNA minus strand in a cDNA sense. The structure of this molecule, which has only part of env and one LTR, together with the expression of the insert as RNA in QT6 cells supports the suggestion that an aberrant jump to the cellular RNA occurred during minus-strand synthesis (Fig. 5B) . However, the US boundary of the LTR is missing 2 bases in pMD96, making it ambiguous whether these bases were lost in a recombination event associated with DNA synthesis or whether this molecule was the result of an aberrant integration event.
Cell-derived sequences from pMD37 and pMD66 appear to be the result of aborted integration. Both pMD37 and pMD66 have a 2-bp deletion from one LTR boundary along with two LTRs in a normal configuration with respect to the remainder of the viral genome, indicative of integration (reviewed in reference 4). Neither strand of the inserted sequence in these clones showed any detectable hybridization to QT6 cell RNA. The structures of pMD37 and pMD66 imply that the cellular inserts are the outcomes of a prematurely terminated integration event.
Implications. We interpret the structures of these molecules as arising by two mechanisms: (i) abortive integration and (ii) aberrant strand jumping during DNA synthesis. While it is possible that pNO220 and pMD96 are both the result of prematurely terminated integration events, the correlative evidence suggests that this is not the case. Although the exact nature of the cellular target in these cases is not known for certain, the data are consistent with cellular RNA serving as the template for recombination during viral DNA synthesis.
The structures of pNO220 and pMD96 have several implications for the reverse transcription process with respect to recombination with host sequences. The first is that recombination can occur with cellular RNA sequences serving as a template for reverse transcription. The inserted sequences in pNO220 and pMD96 are expressed as RNA, and the polarity of strand linkage suggests that either the plus or the minus strand can participate in aberrant jumping to a cellular mRNA target. Pulsinelli and Temin, studying mutations in spleen necrosis virus (42) , have recently identified clones containing nonviral sequences which they suggest were derived from mRNA sequences. One such insert shows strong similarity to a known cellular mRNA. The acquisition of this cell sequence was thought to occur during reverse transcription by a switch to an mRNA template presumed to be copackaged from the parental helper cell line. A similar conclusion regarding RNA-mediated recombination in yeast cells was reached by Derr et al. (8) . Using a reporter gene, they found that RNA can serve as an intermediate in the formation of the functional equivalent of a pseudogene, facilitated by the expression of the retrotransposon Ty.
A second implication of the structures of pNO220 and pMD96 is based on the observation that the nonviral sequences which participated in the recombination event were present in the acutely infected cell and therefore must have had some degree of accessibility to the subviral ribonucleoprotein complex (3) active in reverse transcription. We propose that a cellular mRNA not intimately associated with the replication complex was the direct target for the recombination events that resulted in both pNO220 and pMD96. However, we have not completely ruled out a mechanism of copackaging viral and cellular sequences into a virus particle followed by reinfection and reverse transcription, since these events could have occurred within the time allowed for the acute infection. Nevertheless, we consider a copackaged RNA target an unlikely source of the recombining sequence in this case. First, the virus was exposed to the quail cells for a fairly short period (24 h), allowing little time for the initiation of a second round of infection. Second, we have found that virus vectors with oversized genomes (like the parental ANV-A with its Neor insert) are blocked at a late step in replication in QT6 cells (39a), making a second round of infection improbable.
A third implication of our results is that template switching by reverse transcriptase can occur with only limited homology; in the case of pNO220, only 4 bases of perfect homology appear to have mediated the jump from plus-strand strong-stop DNA to the cellular sequence (Fig. 4) . Pathak and Temin (41) 
